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Abstract— 1In this paper, the recently proposed Pedestal
Substrate Integrated Waveguide (SIW) structure, consisting of
evanescent-mode SIW cavities, loaded with pedestal-shaped metal
inserts, is utilized to design a coupled resonator filter with both
positive and negative cross-coupling. It is shown that both types of
coupling, for a large range of coupling values for both, can very
simply be implemented in this structure, with electric coupling
obtained by means of an I-shaped strip_line between pedestal tops,
and magnetic coupling obtained using inductive irises. The
proposed structure can also introduce mixed coupling. Graphs are
presented to show the range of coupling values attainable. A proof-
of-concept sixth order cross-coupled bandpass filter, with a 5 %
bandwidth at 5 GHz, and both real and imaginary axis
transmission zeros, are designed and measured.

Index Terms— Electric coupling, magnetic coupling, mixed
coupling, substrate integrated waveguide, cross coupling, pedestal
resonator.

I. INTRODUCTION

Microwave filters are fundamental parts of wireless
communication systems. Modern systems in particular demand
low cost filters with good frequency selectivity, wide stopbands
and compact size. For many applications, coupled resonator
(CR) filters are very well suited, offering low-loss, narrow
bandwidths and small footprints.

One of the big advantages of CR-filters is the ability to create
cross-coupling between non-adjacent resonators, in order to
introduce transmission zeros for increased selectivity, and/or
equalization of group delay [1] — [4]. Cross-coupling can be
either predominantly inductive (magnetic, normally denoted as
positive), capacitive (electric, normally denoted as negative), or
a combination of inductive and capacitive (denoted as mixed).
Cross-coupled and source-load coupled filters are most often
implemented in cavity filters [1], [5], [6], with positive coupling
the pre-eminent scheme, as this can be implemented by simple
apertures. Negative coupling is often more difficult to
implement, commonly requiring additional components. In
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planar technology on the other hand, negative coupling is very
common, and easily realised through the capacitive coupling
between lines. To implement both types of cross-coupling in a
single filter in any of these classical structures can be
problematic, yet this is quite often required when improvements
in both stop-band attenuation and group delay are necessary.
Substrate Integrated Waveguide (SIW) structures, developed
over the past two decades, currently offer some of the best
possibilities to achieve filters with all three forms of coupling.
These filters can be viewed as dielectric-filled waveguide
filters, with a natural coupling mechanism in the form of
inductive aperture coupling, i.e. positive coupling. However,
due to the planar, etched construction, and the support created
by the dielectric, negative couplings can also be easily
implemented. One popular approach in SIW technology is to
fold a filter in the vertical direction and etch slots or coupling
windows at specific locations in the separating ground plane to
couple the electric field [7], [8]. Good examples are the fourth-
order multilayer partial H-plane folded SIW filter with
evanescent SIW sections at 10 GHz, proposed in [9], and the 13
GHz multi-layer filter in [8], which is aimed at suppressing the
higher order modes of SIW bandpass filters with the
implementation of magnetic, electric and mixed coupling.
Coupling has also been realised by using planar lines. An
example is [1], where four in-line SIW cavities are coupled
magnetically with conventional irises, while the first and fourth
cavities are electrically coupled with a microstrip transmission
line inverter.

Coupling strips or probes or strips, as in [2] and [10]
respectively, are also commonly used to achieve coupling. In
[2], a third-order inline coaxial filter with both electrical and
magnetic mixed coupling is presented, with electric coupling
achieved by inserting a microstrip line between the coupling
irises that connects the metallic caps at the open-end of both
inner rods, and magnetic coupling is achieved with a coupling
pin that connects to the inner rods of each coaxial resonator
through a metallic gap.
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Different types of coupling have also been used in comb line
SIW structures [6]. Here, the coupling structure consists of an
open-ended coplanar transmission line between comb line SIW
resonators, with magnetic coupling realised by metallic posts,
and electric coupling by a metallic disk with an airgap between
the disk and the top metal layer. A similar design is introduced

n [11] to produce mixed coupling. This design consists of
classical iris-based coupling with a grounded coplanar line
etched at the top of the resonators. A slightly different approach
is presented in [12], where a fourth-order cross-coupled elliptic-
filter with mixed coupling is proposed. The filter consists of two
layers with an embedded strip line in combination with a
conventional inductive iris to create both magnetic and electric
coupling. Finally, in [13], an inter-resonator coupling structure
implemented in SIW with mixed coupling is presented. Positive
coupling is realised with conventional inductive irises, while
the negative coupling is realised with a shorted microstrip line.

In most of the cases discussed, cross-couplings are limited in
range, require lines on top of (i.e. outside of) the structure, or
require the use of multi-layered SIW. This paper proposes an
alternative, easily manufacturable, approach to realize all types
of cross-coupling in an SIW structure, including electric,
magnetic and mixed couplings in the same filter. The design
utilizes the recently proposed pedestal SIW structure [14],
consisting of evanescent-mode SIW cavities, loaded with
pedestal-shaped metal inserts which are realised within the
normal PC-board process, by a combination of flat resonators
and vias. SIW pedestal filters utilize the mode separation
characteristics of T-ridge SIW guides and were shown to
provide flexibility in terms of input coupling and cross-
coupling, as well as offering a user-selectable compromise
between size, Q-factor and mode separation. A side and top
view of a typical pedestal SIW resonator are shown in Figs. 1(a)
and 1(b).
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Fig. 1(a) Side view of the pedestal SIW resonator.
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Fig. 1(b) Top view of the pedestal SIW resonator.
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Using these resonators, positive couplings can be realised
simply by apertures between the cavities, while negative
couplings can be realised by etched lines on the same plane as
the tops of the pedestals. Mixed couplings are obtained by
combining the two mechanisms. The whole structure is simple
to manufacture using only standard PC-board techniques, is
closed (i.e. with no coupling lines not enclosed within the SIW
structure) and offers a wide range of coupling values. In [14],
the principle of the resonator is discussed in detail, and two
simple filters are presented. Little attention is however given to
the coupling aspects, especially the implementations and the
ranges of coupling values. These aspects form the core of this
paper. For illustration, a sixth order filter with transmission
zeros for improved selectivity, as well as group delay
equalization, is presented with a bandwidth of 5% at 5 GHz.
The combination of transmission zeros is chosen to require both
types of coupling, and a range of coupling values.

II. FILTER DESIGN

In coupled-resonator filters, cross-coupling can be used
effectively to create transmission zeros at real frequencies to
improve selectivity, or at imaginary frequencies to equalize
group delay and reduce phase distortion. When transmission
zeros at both real and imaginary frequencies are used in one
filter design, both positive and negative cross-couplings are
required, in addition to inline couplings of typically one sign
throughout. To illustrate how well the pedestal structure lends
itself to implementing all types of cross-coupling in a single
filter, a sixth-order bandpass filter in the WiFi-band, with a
center frequency of 5 GHz and a bandwidth of 5%, is chosen as
the prototype. Using a sixth order normalized low-pass
response, one transmission zero pair is added at a real frequency
to improve the selectivity, and another pair at an imaginary
frequency to optimize the phase response. The filter is
implemented as six pedestal resonators in a folded
configuration, as shown in Fig. 2.

Fig. 2 Internal View of Sixth-order Pedestal SIW Filter with Electrical and
Magnetic cross-coupling.

37



38

SOUTH AFRICAN INSTITUTE OF ELECTRICAL ENGINEERS

Classical synthesis procedures are used to derive a coupling
matrix for the pedestal filter [15]. Starting with a 6-th order 20
dB return loss Chebychev low-pass response, with transmission
zeros at £j1.81, £+ 1.15, 0 and o, the transfer function is

1
2P12
1+e |p2|

|S12(‘D)2| = (D

With

pl = w® —19.5041w* + 53.6354w? — 36.35147
p2 = w* + 0.4509w?% — 0.2308

@)

With input and output impedance values set to 1.0049 Q, the
resulting normalized coupling matrix is then calculated as

0 0.843 0 0 0 —0.0314
0.843 0 0.6102 0 0.0394 0
0 0.6102 0 0.5628 0 0
0 0 0.5628 0 0.6102 0
0 0.0394 0 0.6102 0 0.8430
—0.0314 0 0 0 0.8430 0
)

showing all positive inline couplings, and both positive and
negative cross-couplings.

The filter is implemented in a stack-up of two Mercurywave
cores (€,= 3.5, thickness = 0.508 mm), bonded by a single layer
of Mercurywave 1080 prepreg ( €,= 3.5, thickness = 0.076
mm). As shown in Fig. 3, the top copper layer of the bottom
core is used for the pedestal top, with blind vias forming the
pedestal base, and through vias forming the walls of the SIW
guide.

Stack up
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Fig. 3 Filter Stack-up.

1.24

The pedestal resonator offers a designer the ability to make
an optimal choice between size, unloaded Q, and second
resonance spacing [ 14], by defining the parameters a, b, w1 and
w2. In general, the smaller a and b are, the higher the cut-off
frequency of the empty cavity, and the larger the pedestal top
needs to be to achieve resonance. This lowers the unloaded Q,
but increases the second mode resonance separation. For the
filter presented here, a resonator with dimensions as seen in

Table I is used, with a resonance frequency of 5 GHz, unloaded
Q of 160, and a second mode separation of 6.23 GHz.

TABLE I
FILTER DIMENTIONS
a (mm) b (mm) ¢ (mm) w1 (mm) w2 (mm)
9.56 9.16 1.4 6.673 4.675

III. COUPLING MECHANISMS

The strength of the pedestal SIW structure is that the positive
inline couplings, as well as the positive and negative cross-
couplings, can easily be implemented, inside the structure.
Furthermore, input and output couplings of a wide range of
values can be achieved using a grounded via to the input or
output line. In this section, each of these couplings are
discussed. In all cases, the resonator structure from the previous
section is used.

A. Input and output coupling

The input and output coupling of coupled-resonator filters
are commonly defined in terms of the loaded Q of the first and
last resonator respectively. The wider the filter bandwidth, the
lower the loaded Q needs to be. In SIW structures, energy
typically needs to be coupled from a 50 € microstrip or
coplanar line to the inside of the resonator, most often by using
electric coupling. Here, magnetic coupling is used instead.

Fig. 4 Input/Output coupling of the pedestal SIW resonator.

The coupling structure, shown in Fig. 4, consists of a 50 ohm
coplanar line in the top ground plane of the structure, shorted to
the bottom ground plane using a grounded through via. Note
that in the figure, the top ground plane is removed for clarity,
with only the centre conductor of the coplanar line visible. The
via runs through an aperture in the pedestal top to ground, and
couples to the magnetic field around the pedestal base. By
controlling the separation between the two vias, a very wide
range of coupling values can be attained.

Vol.111 (1) March 2020
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Loaded Q factor vs Input Gap
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Fig. 5 Input/Output loaded Q values.

The calculated results can be seen in Fig. 5 where the loaded Q
is plotted against the distance between the vias. As the distance
decreases, the coupling increases, and the loaded Q decreases.
It is clear that a wide range of values is obtained, corresponding
to filter bandwidths ranging from below 1% to almost 13%. In
comparison to [5] where a 1.14 - 7.14 % bandwidth range is
shown, a wider range is achieved in the presented structure.

B. Positive inner-resonator coupling

Given that the pedestal structure can be viewed as a loaded
SIW waveguide, positive/magnetic inter-resonator coupling
can be realised in the same way as for normal waveguides, i.e.
using conventional inductive irises. Figure 6 shows two
identical adjacent pedestal resonators separated by a via wall.

0000000000 O0OCS

Fig. 6 Top view of the positive coupling structure for the pedestal SIW
resonator.
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Positive coupling coefficient vs GapW
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Fig. 7 Positive coupling coefficient vs Gap width (GapW).

To effect magnetic coupling, an aperture can be formed by
simply removing vias to create a gap, as shown. Both the
width of the gap, and the pedestal spacing, control the positive
coupling coefficient, which is calculated using the standard
two-frequency method for identical resonators.

fZ_fZ

Where £ is the coupling coefficient, while f; and f, correspond
to the even and odd resonant frequencies.

The calculated results are plotted in Fig. 7, displaying the
positive coupling coefficient against the gap width (GapW) for
various pedestal spacings (d). As with standard waveguides, the
range of coupling values for this type of coupling is large, as a
closed wall represents zero coupling, while no wall represents
direct coupling. The values in Fig. 7 will for instance enable
filters with bandwidths ranging from zero bandwidth up to
almost 10%.

C. Negative inter-resonator coupling
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Fig. 8 Top view of the negative coupling structure for the pedestal SIW
resonator.
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Negative coupling coefficient vs Gap1
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Fig. 9 Negative coupling coefficient vs gap (Gapl).

To create negative coupling in standard SIW is more
difficult than positive coupling, as the electric field has to be
probed in the guide. The range of solutions presented in the
introduction of this paper attests to the fact that most existing
solutions suffer from some drawback. The pedestal structure
however lends itself admirably to this, as the flat top of the
pedestal offers an excellent point at which to probe the electric
field through simple capacitive coupling [10]. Such a coupling
structure can simply be etched in the same way as the pedestal
top itself. Due to the placement, the field distribution in the
resonator is hardly disturbed, while the simplicity reduces the
problems incurred by more complex coupling structures.

Fig. 8 shows a coupling structure consisting of an I-shaped
strip line placed between the resonators on the same layer as
the pedestal tops. Coupling can again be calculated using the
two-frequency technique. In Fig. 9, the negative coupling
coefficient is plotted against the coupling gap (Gapl) for
various strip widths (StripW), showing the increase in
coupling value as the gap decreases, or the strip width
increases. Again, a wide range of coupling values is achieved.

D. Mixed coupling

Fig. 10 Top view of the mixed coupling structure for the pedestal SIW
resonator.
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Fig. 11 Mixed coupling coefficient vs gap (Gapl).

The two coupling mechanisms can also be combined to give
a wide range of mixed couplings, which can be changed from
negative to positive by simply changing the gap size. Figure
10 shows such a structure, with the coupling values presented
in Fig. 11. The proposed structure shows that it is easier to
implement mixed-coupling as opposed to other structures such
as in [4]. The coupling values obtained with this structure is
similar to most coupling structures but is able to obtain a
slightly larger range of values in comparison to structures such
asin [11].

E. Other publications

In Table II the coupling ranges of other state-of-the-art SIW
coupling mechanisms are compared to this work. In
comparison to the designs from [1], [4], [5], [8], [11] and [12]
the coupling structures presented evidently offers similar
ranges, but with the added benefit of realising both positive
and negative couplings in the same structure, without any
external lines or slots.

Vol.111 (1) March 2020

TABLE II
COMPARISON OF COUPLING RANGES
Work Coupling Range fo BW
Positive | Negative Mixed (GHz) (%)
Presented 0- -0.045 - -0.045 - 5 5
0.0858 0 0.018
[5] 0.002 - | -0.0325 - - 20.5 4
0.0325 -0.002
[1] 0- -0.0105 - 5.87 2
0.0109 0
[8] 0.0125 -0.0408 | -0.0608 - 13 4.5
0
[11] 0.004 — -0.015 - 14.3 1.4
0.036 0.034
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IV. PROTOTYPE FILTER

Using the coupling methods described, the filter in Sec. II
was implemented. The fabricated filter is shown in Fig. 12.
Copper tape was added to minimize coupling between the input
and output coaxial connectors.

Fig. 12 An image of the fabricated filter.

The filter was measured using a Keysight PNA-X network
analyser, and the measured results are given in Figs. 13 to 15.
The manufactured filter shows a frequency shift of 0.22 GHz
and a slight increase in bandwidth, due to a difference in the
thickness of the post-processed upper substrate layer from that
specified originally by the vendor (shown in Fig. 3. To compare
the performance of the manufactured filter visually with the
simulation without reconstructing the filter, the simulated
results were recalculated for a substrate thickness increased by
0.1 mm.

Good agreement is achieved inside and close to the passband,
for both the amplitude and group delay responses. Specifically,
the group delay and the transmission zero in the stopband, show
that both real and imaginary transmission zeros are
implemented correctly, therefore both positive and negative
cross-couplings are demonstrated. Good correspondence of the
bandwidths show that all the inline couplings are accurately
implemented, while good return loss agreement shows that the
input and output couplings are also implemented correctly. The
manufactured filter shows a small increase in insertion loss in
comparison to the simulated response, which is due to ideal
conductivity used for copper and no surface roughness being
taken into account in simulation.

Significant differences can however be seen in the stopband.
This is due to coupling between the coplanar feed lines on the
top of the substrate, and not the filter itself. This can be reduced
by improving the isolation between the feed lines, using
physical shielding. The measured, simulated and ideal results
are summarized in Table III.
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Fig. 14 Measured wide band frequency response.
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Fig. 15 Simulated vs Measured Group Delay.

TANLE III
MEASURED (M), SIMULATED (S) and THEORETICAL (T) RESULTS
fo (GHz) 3dBBW $1@ fo $21@ fo GD@ f,
M 5.22 7.66 % -11.11 dB -5.039 dB Sns
S 5.22 6.97% -10.45 dB -3.856 dB 5ns
T 5 5% -20 dB -5dB Sns
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V. CONCLUSION

A proof-of-concept sixth order cross-coupled SIW bandpass
filter is presented for coupled resonator filters requiring both
electric and magnetic coupling in the same structure. All
coupling mechanisms are discussed in detail, with graphs
showing typical achievable values. After compensating for a
difference in post-processed layer thickness of the top layer, the
measured results are in good agreement with the simulation and
theory. From the results it is clear that the use of both positive
and negative cross-coupling allows for transmission zeros at
real frequencies, as well as group delay equalization. The SIW
pedestal resonator structure lends itself very well to the
implementation of both positive and negative cross-coupling.
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